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Abstract To deal with complex systems, microscopic and global approaches become of
particular interest. Our previous results from the dynamics of large cell colonies indicated that
their 2D front roughness dynamics is compatible with the standard Kardar–Parisi–Zhang
(KPZ) or the quenched KPZ equations either in plain or methylcellulose (MC)-containing
gel culture media, respectively. In both cases, the influence of a non-uniform distribution of the
colony constituents was significant. These results encouraged us to investigate the overall
dynamics of those systems considering the morphology and size, the duplication rate, and the
motility of single cells. For this purpose, colonies with different cell populations (N) exhibiting
quasi-circular and quasi-linear growth fronts in plain and MC-containing culture media are
investigated. For small N, the average radial front velocity and its change with time depend on
MC concentration. MC in the medium interferes with cell mitosis, contributes to the local
enlargement of cells, and increases the distribution of spatio-temporal cell density heteroge-
neities. Colony spreading in MC-containing media proceeds under two main quenching
effects, I and II; the former mainly depending on the culture medium composition and structure
and the latter caused by the distribution of enlarged local cell domains. For large N, colony
spreading occurs at constant velocity. The characteristics of cell motility, assessed by measur-
ing their trajectories and the corresponding velocity field, reflect the effect of enlarged, slow-
moving cells and the structure of the medium. Local average cell size distribution and
individual cell motility data from plain and MC-containing media are qualitatively consistent
with the predictions of both the extended cellular Potts models and the observed transition of
the front roughness dynamics from a standard KPZ to a quenched KPZ. In this case, quenching
J Biol Phys (2016) 42:477–502
DOI 10.1007/s10867-016-9418-3
* M. A. Pasquale
miguelp@inifta.unlp.edu.ar
1 Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA), Universidad Nacional de
La Plata (UNLP), CONICET, Sucursal 4, Casilla de Correo 16, 1900 La Plata, Argentina
2 Cátedra de Patología, Facultad de Ciencias Médicas, UNLP, CIC, Calle 60 y 120, 1900 La Plata, Bs.
As., Argentina
effects I and II cooperate and give rise to the quenched-KPZ equation. Seemingly, these results
show a possible way of linking the cellular Potts models and the 2D colony front roughness
dynamics.
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1 Introduction
There are different procedures to interpret dynamic data associated with the study of complex
mechanisms, such as those involved in the dynamics of living systems, which usually requires
the analysis of physical, chemical, and biological concurrent processes, particularly when
looking for either a rational understanding of nature or improved skills for handling the
dynamics of biological phenomena. This is a matter of interest in processes involved in wound
healing or malignant tumor growth [1, 2]. One of these procedures is based upon the dynamic
scaling analysis (DSA) of colony fronts [3–12]. In this approach, the two-dimensional (2D)
cell colony front dynamics is characterized through a set of dynamic scaling exponents (α, β,
z, the roughness, the growth, and the dynamic exponents, respectively) derived from DSA
applied to the colony front profiles and by comparing them with those expected from different
complex statistical models [13, 14]. These approaches have provided data on non-Euclidean
2D spreading biological interfaces that were interpreted in terms of the standard Kardar, Parisi,
and Zhang (KPZ) continuous equation [7, 8, 12, 15]. Later, this approach was used to
investigate the cell colony dynamics in a gel medium that enhanced the appearance of
heterogeneities [16]. Their influence has been ascribed to spatio-temporal-dependent interac-
tions among either cells or cells with constituents of each culture medium that determine the
characteristics of individual cell motility [17]. Accordingly, the dynamic scaling analysis of 2D
colony front spreading in a gel medium yields a set of exponents comparable to those expected
for quenched KPZ (QKPZ) dynamics [16].
Another approach to these complex mechanisms started from the behavior of individual cells
as in cellular Potts models (CPMs) [18, 19] that were grounded on dynamic data derived from
either individual or collective cells at different colony regions [18–21]. Accordingly, the descrip-
tion of these bio-systems comprised cell motility under chemotaxis with randomly fluctuating cell
shapes and continuous deterministic equations related to cellular density distributions. In addition,
from microscopic dynamics utilizing the excluded volume approach, non-linear diffusion equa-
tions with diffusion coefficients depending on cellular volume fraction to prevent the collapse of
cellular density were obtained [20]. These versatile models have been applied for interpreting
different aspects of cell physiology [20–28]. Thus, an extended CPM version provided a strong
correlation of cell migration directionality with topological surrounding extracellular matrix
(ECM) distribution and a biphasic dependence of migration on the matrix structure and stiffness,
cell density, and adhesion [27]. In this case, the simulation of cell locomotion in highly
constrained fibrillar obstacles required cell nucleus deformations and/or the activity of cell-
derived proteolysis. Accordingly, cell motility was modulated by a spatio-temporal-dependent
set of multilevel mechanisms that were influenced by both the biochemistry of extracellular and
intracellular signaling. Cell motility was further modulated by a number of mechanisms in which
relevant variables from both the ECM and the cell itself were included [29]. A cell-based model
with a cellular Potts formalism describing spontaneously emerging, randomly oriented collective
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cell streams within a human keratinocyte culture monolayer has also been reported [30]. In this
model, by changing the relevance of mechanical links between cells, the experimental findings
that cell streams become narrower with the decrease in cell–cell adhesion have been explained. A
more recent CPM considered generalized cells mapped out on a uniform 2D Cartesian grid, cells
being taken as extended objects composed of a collection of grids [28]. Its stochastic simulation
included the effect of cell migration, compression, and contact inhibition to describe the evolution
of cell size distribution and the global colony growth. Furthermore, a phase field cell monolayer
model with its dynamics approaching the continuous limit of the Potts model has been used to
describe the increase in the motility of cells softer than their neighbors, in agreement with
experimental data from human metastatic breast carcinoma cells (MDA-MB-231) co-cultured
with normal epithelial cells (MCF10A) [31]. In this case, carcinoma cells are softer than normal
cells [32] and the mismatch in cell elasticity causes several speed “bursts” in which the cancer cell
relaxes from a largely deformed shape and consequently, its translational motion increases. The
above-mentioned shows that experimental colony dynamic data, from single cells to cell clusters,
are of interest for interpreting the influence of spatio-temporal heterogeneities on the colony
spreading mechanism [14], in which structural and dynamic characteristics of the medium
interfere with molecular recognition-dependent functionalities [33].
In the present work, data on the 2D spreading of Vero cell colonies, the cell size and shape
and the individual migration of cells in plain and methylcellulose (MC) containing media, the
latter paying particular attention to the gel medium, are reported. For this purpose, Vero cell
colonies with different initial cell populations (N), colony ages and spreading geometries in
culture media containing different MC concentrations (cMC) are studied. MC is a hydrophilic
polymer used, for instance, in cell cultures to study viral replication processes [34, 35], which
yields clear, non-adhesive, viscous solutions that thicken the medium [36]. MC is non-toxic for
cells although it affects both the interfacial dynamics and the bulk configuration of the bio-
system. A part of this research, concerning large colonies with quasi-linear fronts propagating in
MC-containing gel medium, has been reported in a previous paper [16] where it was observed
that the occurrence of quenching effects interfered with the 2D colony front dynamics.
This paper refers to new data from different colonies as mentioned above, allowing us to
distinguish a set of processes at the cell scale to advance an explanation of MC-induced
quenching effects that slow down the colony growth velocity and to hint at a microscopic
explanation of the change in the front roughness dynamics. These quenching effects depend on
several interrelated characteristics of the cell culture mainly associated with physicochemical
characteristics of the medium, the colony cell population, the local average cell area (<A>) and
shape, the spatio-temporal cell density distribution, and the colony front spreading geometry.
Cell trajectories and biased cell velocity components appear to be influenced by quenching
effects due to the presence of MC in the culture medium. The analysis of individual cell
trajectory data and the velocity field in both the plain and the gel media provides information
on the contribution of cell-biased displacements in their trajectory towards the colony front.
Furthermore, cell mean square displacement (msd) data indicate that in plain and gel media cell
displacements involve a ballistic contribution, although the msd magnitude in the plain
medium is greater than in the gel medium. Changes in the directionality of cell trajectories
and cell size distributions while going from the plain to gel media and the cMC-dependent
colony spreading kinetics are qualitatively compatible with the predictions of extended cellular
Potts models and are useful to account for the appearance of a quenched noise term in the
QKPZ equation. Thus, the comparison of colony front spreading and dynamic scaling analysis
data, as well as changes in the local colony heterogeneities and cell motility characteristics in
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the different media, suggest the occurrence of reliable links between global (DSA) and individual
cell-based (CPMs) approaches for further understanding the dynamics of this bio-system.
2 Experimental
2.1 Colony preparation procedures
Vero cells (passages 165–180) were cultured in Roswell Park Memorial Institute (RPMI 1640)
medium containing 10% fetal bovine serum (FBS) (henceforth plain medium), under 5%
carbon dioxide atmosphere at 37 °C and 97% humidity. Cell viability was routinely checked
employing the exclusion Trypan-Blue test. Cell proliferation was examined by nuclear cell
proliferation antigen Ki-67 from Dako. Cultures were immunostained by the standard
streptavidin-biotin-peroxidase method employing Dako Universal LSAB 2 kit/HRP.
Experiments were run utilizing either the plain medium or MC-containing media. The
latter, either sol or gel, were made by mixing RPMI medium prepared at 2 × containing 20%
FBS, aqueous 5% MC (Sigma Aldrich, approximate molecular weight 14,000, catalogue
number M7027) solution (250 cps dynamic viscosity) and the appropriate amount of water.
Then, the plain medium, 0.5% and 1.0% MC sol media, with 1.0, 2.0, and 4.6 cps dynamic
viscosity, respectively, and the 2.5% MC gel medium with ca. 22.6 cps dynamic viscosity,
were used.
Different procedures were utilized to prepare three types of colonies (I, II, and III). Colonies
I and II rendered complementary colony spreading data on global processes occurring in type
III colonies. Thus, type I colonies (low population and quasi-circular fronts) were useful to
learn about the dynamic behavior of relatively low population colonies and the evaluation of
2D kinetic data at early stages of growth in different media. Type II colonies (large population
and quasi-circular fronts) were utilized to study both morphological and dynamic aspects from
colonies with a large population in the gel media. Data from these experiments allowed us to
investigate how changes in the colony spatio-temporal heterogeneities due to both the cell size
and shape affected the distribution of local cell clusters and the appearance of enlarged cells,
i.e., cells of size considerably exceeding the average size of cells that initially formed the
colony as shown in Figs. 1d, 2, and 3. These changes influence the dynamics of both the 2D
colony/medium and the inner central three-dimensional cluster/2D colony interfacial regions.
Type III colonies (quasi-linear fronts) involving large N (large population and quasi-linear
fronts) displayed a quasi-linear spreading geometry at constant front length. They were
employed for determining cell motility parameters, by either manual cell tracking or particle
image velocimetry (PIV), to obtain further details about the influence of the spatio-temporal
colony heterogeneities on both the local cell morphology and the colony spreading dynamics.
The comparison of these data to those resulting from type II colonies allowed us to envisage
the influence of the expanding colony geometry on the evolution of its morphology and
spreading dynamics. Type II and III colonies showed consolidated 2D fronts and the formation
of 3D cell clusters in the colony bulk.
Type I colonies were prepared in plain medium by shedding disaggregate cells (500–1000
cell ml–1) in Petri dishes. After about 48 h, when the colony pattern exhibited the appearance
of cell clusters, the plain medium was replaced by the MC-containing one. Usually, about 5–10
cell clusters from each Petri dish were selected to follow up their spreading in the new
medium.
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Fig. 1 Evolution of type I colony
patterns in different culture media
from N0 < 100 cells. N0 = 50 (a);
50 (b); 35 (c); and 90 (d) cells
Fig. 2 Typical growth pattern of a
type II colony grown up to
t = 16,000 min in the gel medium
(cMC = 2.5%). Three cell density
pseudo-concentric regions can be
distinguished: an outer 2D one
with a number of holes, a central
3D core, and an intermediate re-
gion with a mixture of 2D and 3D
cell domains
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Type II colonies were prepared by leaving a 2D colony to spread in plain medium until a
3D cluster of about 250–300 μm radius at the center of the colony was formed. The cluster was
carefully transferred with a micropipette into a second Petri dish also containing plain medium
and was left for 24 h. Subsequently, the medium was replaced by a MC-containing one and
then the follow-up of the colony growth pattern began.
Type III colonies were prepared by first covering the central region of the Petri dish bottom
with a 2.2-cm-wide and 100-μm-thick sterilized Teflon stripe [7]. Then, disaggregated cells
(30,000–40,000 cell ml–1) were seeded and left to grow for about 2 days until confluence in the
Teflon-free region was reached. The Teflon stripe was removed, leaving a cell-free central
region with the formation of two facing linear colony fronts of length L and eventually the
plain medium was replaced by the MC-containing one. Afterwards, the colony was left to
grow in opposite directions perpendicular to L. From this stage on (t = t0), the colony pattern
and the 2D front displacement were followed up.
2.2 Analysis of colony patterns
Sequential images of colony patterns were recorded utilizing a Nikon model DS-Fi1-U2 digital
camera coupled to a Nikon TS100 phase-contrast inverted microscope with a CFI flat field
ADL 10X objective at a resolution of 0.88 μm/pixel. Colony fronts were manually traced from
computer screen images using a Wacom graphic tablet with a trace error on the order of the
pixel. The follow-up of colony growth patterns was extended for about 12 days, a time at
which a collapse of the colony front with some isolated free cell cluster in the Petri dish surface
became possible.
Fig. 3 Sequential images of front
sections from a type III colony in
the gel medium. The baseline from
the image at t = 8295 min was
shifted up at images for t = 12
750 min and t = 16 170 min to
compensate for the colony width
increase at the two upper images.
Arrows indicate domains of
enlarged cells at the colony border
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In situ type III colony growth experiments were performed by placing each growing colony
in a Petri dish inside a chamber fixed to the microscope platform. This chamber was kept under
a controlled environment at 37 °C, 97% humidity, and culture medium pH = 7.4, the latter
being preserved by employing the L-glutamine supplemented CO2-independent (Gibco,
Invitrogen Corp.) medium with and without MC. Colony front patterns from in situ experi-
ments were recorded over 2–3 days by a time-lapse procedure at intervals in the range 5 ≤
Δt´ ≤ 45 min.
Both the cell morphology and the cell size distribution in colony types II and III were
determined from sequential colony pattern images after fixing and staining with May-
Grünwald-Giemsa. Cell contours were hand-traced as described above and their geometric
features were determined by in-lab routines.
2.3 Evaluation of cell displacements
Trajectories of individual cells within colonies were evaluated from their instantaneous
x-y coordinates (Pj = p(ti) = xj(ti), yj(ti), i = 1, 2,…n) by manually tracking time-lapse
movie frames employing Image Pro Plus 6.0 software (Media Cybernetics, Inc.).
Position coordinates from either the cell nucleus or the centroid of each cell contour
were evaluated. The difference between those procedures, evaluated by averaging ten
trajectories for about 24 h, was about 10%.
The mean cell velocity <Vi> was obtained from coordinate data according to:
V ih i ¼
p j tiþ1ð Þ−p j tið Þ
Δt′
: ð1Þ
The velocity components parallel (Vx) and perpendicular (Vy) to the colony front were
evaluated within the 15≤Δt´≤45 min interval. On the other hand, the mean square displace-
ment resulted from:
msd ¼ xi t0 þΔtð Þ−xi t0ð Þð Þ2
 
þ yi t0 þΔtð Þ−yi t0ð Þð Þ2
 D E
ð2Þ
where t0 and Δt are the starting time and the recording interval, respectively. Average cell
trajectory data from all values of t0 were derived according to references [37, 38].
The msd dependence on Δt can be expressed by the power law:
msd Δtð Þh i∝Δtb ð3Þ
where the limiting values of constant b are 1 for random walk displacement and 2 for ballistic
motion [37].
Cell tracking was carried out within a 720–4320-min interval. Only cells located within a
border region width equivalent to three average cell diameters were tracked.
Cell motility was also studied by particle image velocimetry [39] using PIVlab
1.35 software [40] of MATLAB (The MathWorks, Natick, MA). Image sequences
recorded for 255 min with Δt´ = 15 min were filtered and analyzed with an
interrogation window of 82 × 82 pixels with 50% overlap. This technique was used
to evaluate the angle formed by the velocity vector with respect to the baseline of
type III colonies.
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3 Results
3.1 Morphological changes
3.1.1 Type I colonies (low population and quasi-circular fronts)
Type I colony patterns starting from N0 < 100 cells in different culture media (Fig. 1) show
that, initially, irregular colony borders tend to approach a quasi-circular figure as the colony
grows. In the range 0 ≤ t ≤ 9000 min, the process is accompanied by a gradual decrease in the
average cell–cell distance in the bulk yielding slightly more compact cell domains. The reverse
effect is observed at the border region where cells of sizes larger than those of regular cells are
formed. These changes are enhanced as cMC in the medium increases and become more
remarkable in the gel medium where the earlier appearance of enlarged cells, either at the
colony border or inner regions, begins to be observed. The influence of cMC on the increase of
the average cell size in different regions of the colony is concurrent with an inhibition effect of
MC on cell mitosis, as described further on and an enhancement in the colony front roughness
with the appearance of horn-like protrusions and voids in between. Accordingly, the compo-
sition of the culture medium contributes to generating spatio-temporal heterogeneities that play
a key role in the dynamics of these bio-systems.
3.1.2 Type II colonies (large population and quasi-circular fronts)
Type II colonies, particularly in the gel medium, show a fast appearance of enlarged cells at the
colony border. They produce a remarkable decrease in cell density and an increase of the
spatio-temporal heterogeneity in these colonies due to the occurrence of different local cell
density domains. Thus, for t = 16,500 min (Fig. 2) the 2D colony border region consists of
regular cells, enlarged cells and small voids. Enlarged cells form a sort of barrier at the colony
outer ring that perturbs the displacement of smaller cells moving outwards. The innermost
region of these colonies shows a central 3D phase surrounded by a rather compact 2D
intermediate layer of regular cells limited by the low density border region. At this growth
stage, the colony front becomes considerably rough due to the formation of voids and
protrusions, some of them displaying small horn-like shapes. Likely, voids at the 2D region
favor cell motion towards the colony front.
3.1.3 Type III colonies (large population and quasi-linear fronts)
Growth patterns of these colonies in the gel medium show that the average front morphology
remains almost unchanged up to about 5000 min. Later, the progressive formation of enlarged,
slow-moving cells and domains of small polarized ones are observed (Fig. 3). As for type II
colonies, enlarged cells are mostly located at the colony front, their average size increasing
with the colony age. Thus, the average cell diameter changes from about 45 μm at
t = 2400 min to about 250 μm at t = 19,620 min, i.e., a value fourfold greater than those
found for the largest cells in the plain medium [7].
A more detailed observation of these patterns confirms that domains of enlarged cells
behave like slow-moving obstacles hindering the advance of smaller neighboring cells towards
the colony front. As discussed further on, these obstacles, play a key role in the distribution of
individual cell velocity components in their trajectory towards the colony front.
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The comparison between in situ time-lapsed sequential growth patterns in plain and gel
media allowed us to envisage the influence of individual cell dynamics on the characteristics of
quasi-linear colony front roughness. To observe the changes produced in the colonies, at both
relatively early and late growth stages after colony full adaptation to the new medium, the
follow-up of sequential growth patterns was started at different times after removing the Teflon
stripe from the Petri dish. Colony patterns recorded at early stages in the plain medium exhibit
minor changes in both the average shape and size of cells, in contrast to those ones from the gel
medium (Fig. 4). For the latter, a preferred orientation of polarized cells towards the colony
front and a local front roughness increase are observed. On the other hand, in the gel medium,
sequential images of colony morphology patterns at advanced stages of growth (Fig. 5) show
that the average size of enlarged cells at the colony border further increases and that they are
partially surrounded by small regular cells. In the plain medium, the number and the average
size of enlarged cells are smaller than in the gel medium.
3.2 The average area of cells at different colony regions
The local average size of cells was determined at different regions of type II and III colonies.
For type II colonies, comparative histograms, obtained at two 200 μm wide colony stripes
from the borderline inwards, show that the average cell area decreases when going towards the
colony center (Fig. 6). For the outer stripe, the average cell area is larger than about 500 μm2.
These results are consistent with the morphology patterns described above (Fig. 2), in which a
rather compact barrier of enlarged cells at the colony front is formed.
For type III colonies, in both plain and gel media, cell area histograms were calculated by
selecting a rectangular 2000 μm long and 600 μm wide colony front region parallel to the
front, subdivided into three stripes of 200 μm width each (Fig. 7). These results show that in
the plain medium at the outer colony region, cells with an average area below 400 μm2 prevail
and between 400–600 μm depth, the average cell area is below 120 μm2. In the gel medium, a
relatively greater contribution of enlarged cells is observed. In this case, the histogram
corresponding to the outer 0–200 μm stripe displays two maxima at ca. 100 μm2 and ca.
550 μm2, whereas at the innermost part of the colony, the contribution of enlarged cells
decreases, although it always remains greater than in the plain medium.
3.3 Colony spreading kinetics
Type I colonies with N0 about 100 cells growing in a medium containing 0 ≤ cMC ≤ 1% show a
cell population rate that follows first-order kinetics over the range 0 < t < 9000 min (Fig. 8a),
with a cMC-dependent average velocity constant <kN> being the reciprocal of an average cell
duplication time (<τ>), i.e., <kN
–1> = <τ>. Unfortunately, for t > 11,000 min, the appearance of
new regular cells, 3D cell domains in the colony bulk and enlarged cells at the colony border
region render individual cell counting uncertain.
On the other hand, the radial colony spreading kinetics expressed in terms of the average
radius displacement also fulfils an exponential law up to ca. 9000 min with an average kinetic
constant <kR> (Fig. 8b). For both plain and sol media, the value of <kN> is about twice that
of <kR>, as expected [8]. It is worth noting that for sol MC-containing media, the (<kN>)/
(<kR>) ratio is similar to that resulting from the plain medium but it decays abruptly in the gel
medium. Moreover, for the latter, within the 3000–10,000-min range (Fig. 8c) data from both
the <R/R0> and the average square root of normalized cell areas (<Acell/Acell,0>)
1/2 fall on the
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same curve. This fact indicates that the colony front displacement is mainly governed by the
increase in the average cell area.
Data displayed in Fig. 8b show that the greater cMC, the shorter the range of t where the
exponential kinetics is fulfilled. In the sol medium, the value of <kN> decreases slightly with
cMC, in contrast with the abrupt drop observed in the gel medium. Conversely, <kR> slightly
decreases with cMC (Table 1).
These results are consistent with a colony front displacement under increasing quenching
effects as cMC increases. On the other hand, the slope of the <R/R0> versus t plots at
t = 3500 min (S3500) follows a linear relationship with the reciprocal of the dynamic viscosity
Fig. 4 Comparison of two front
sections from sequential growth
patterns of type III colony in the
plain medium (a) and the gel
medium (b). In situ image
sequences started 9 h after
removing the Teflon stripe from
the Petri dish
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Fig. 5 Comparison of two front
sections from sequential growth
patterns of type III colony in the
plain (a) and the gel medium (b).
In situ sequential imaging started
80 h after removing the Teflon
stripe from the Petri dish
Fig. 6 Average cell area
histograms from a type II colony in
2.5% MC for t = 19,000 min at
two adjacent colony regions
d = 200 μm in width, selected
from the colony border inwards
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(η–1) (Fig. 9). It should be noted that at t = 3500 min, colonies exhibit an almost constant
average cell size and spreading occurs under exponential kinetics with a negligible influence of
enlarged cells. Under these circumstances, the decrease of <kR> with cMC is mostly determined
by the structure and hydrodynamic properties of the culture medium.
Type II colonies, with large N growing in the gel medium beyond 20,000 min, were first
grown for 1000 min in the plain medium, which was then replaced by the gel medium, where
colony growth continued. In the gel medium, the <R> versus t plot exhibits two reasonable
straight lines, a first one for t < 6000 min with a slope of ca. 0.090 ± 0.005 μm min–1 and a
second one from t = 6000 min upwards with a slope of 0.064 ± 0.005 μmmin–1 (Fig. 10). This
change is associated with the formation of the barrier of enlarged cells at the colony front that
restrains the spreading rate. This effect, coupled to specific physicochemical properties of the
medium, results in a cooperative retarding effect on the dynamics of the bio-system. Further-
more, it should be noted that the radial expansion of the central 3D cell cluster also follows a
linear relationship with the slope of 0.055 ± 0.005 μmmin–1 for t > 6000 min, approaching the
kinetic behavior of the colony border. This coincidence suggests that the colony spreading
involves cell displacements from the inner regions to the border of the colony, through an
almost constant effective 2D outer layer built up by a growth process under the influence of
cooperative quenching effects.
For the type III colony in the plain medium, a constant velocity vF = 0.220 ± 0.003 μm
min–1 is obtained (Fig. 11a), a figure that decreases to 0.126 ± 0.003 for the gel medium (Fig. 11b).
Fig. 7 Comparative average cell
area histograms from 200-μm-
wide stripe regions of type III col-
onies at t = 7200 min in the plain
and gel media
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3.4 Cell duplication rate
Cell mitosis plays a significant role in spatio-temporal changes accompanying the colony 2D
spreading in both the plain and gel media, as demonstrated by Ki-67 staining of cell cultures.
Stained colony patterns from the plain medium exhibit a large number of cells under
duplication and a very scarce number of enlarged cells (Fig. 12a), while colony patterns in
the gel medium show only a few small clusters of stained (i.e., duplicating) cells (Fig. 12b) and
enlarged cells that appear inactive for duplication. Consequently, the inhibition in cell mitosis
(proliferation) shown by immunostaining is consistent with the decrease in <kN> as cMC
increases.
Fig. 8 Normalized kinetic data
from type I colonies in different
culture media. a Average cell
population; b average radius;
c square root of average cell area.
R0 and N0 are the initial colony
radius and cell population,
respectively. Standard error bars
are indicated
Table 1 First-order kinetic
constants <kN> and <kR> for type I





0.0 4.9 ± 0.3 2.2 ± 0.1
0.5 4.4 ± 0.3 1.60 ± 0.05
1.0 3.9 ± 0.3 1.50 ± 0.05
2.5 →0 0.95 ± 0.05
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3.5 Cell motility in type III colonies
Individual cell trajectories were tracked from runs made with type III colonies in both plain
and gel media, as these colonies provided the most adequate configuration for evaluating
parallel and perpendicular components of velocity vectors with the techniques used in this
work.
Tracking diagrams of individual cell trajectories in the plain medium tend to become
random at inner regions of the colony and exhibit a greater directionality at outer regions.
This difference should be related to the asymmetry of the collective cell displacements in the
colony accompanying the motion of individual cells (Fig. 13a, b) guided by colony spatio-
temporal heterogeneities. The colony exhibits distinguishable distributions of cell density
domains in the colony and the occurrence of protrusions at the border. In the gel medium,
biased displacements of individual cells are more clearly observed as the contribution of
collective movements diminishes (Fig. 13c, d). Likewise, trajectory diagrams of cells located
Fig. 9 S3500, the slope d <R /
R0 > / dt at t = 3500 min taken
from (Fig. 8b), versus the
reciprocal of the dynamic viscosity
(η–1) of the culture medium. Type I
colonies in different culture media
within the range 0 ≤ cMC ≤ 2.5%
are included
Fig. 10 Dependence of the
average colony radius and central
3D average cell cluster radius on
growth time for type II colonies.
The arrow indicates the time at
which the plain culture medium
was replaced by the gel medium
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at colony front regions in the presence of enlarged cells show trajectories of smaller cells
moving towards the front circumventing those cells (Fig. 13e, f). In addition, histograms
related to the perpendicular velocity component display two maxima that are consistent with
two predominant cell populations with characteristic motilities. Therefore, the presence of
enlarged cells at border regions imposes atypical velocity components on individual trajecto-
ries of regular cells.
The fact that cell motility in the gel medium is slower than in the plain medium confirms the
influence of the rheological characteristics of the medium on the average individual cell
Fig. 11 Average colony front
displacement versus colony
spreading time from type III
colonies. a Plain medium; b gel
medium. Scattering data
correspond to different runs
Fig. 12 Ki-67 staining of Vero
cells at the front region of colonies
grown for t = 7200 min in plain (a)
and gel media (b)
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velocity. The msd versus t log-log plots exhibit a linear relationship for both media but the
average msd values at each time interval decrease when going from the plain to the gel
medium (Fig. 14), suggesting that individual cell motility also diminishes, in agreement with
Vy histograms. For the shortest time intervals, the slope of the linear relationship is 1.46 ± 0.04
for the gel medium and 1.65 ± 0.04 for the plain medium. These slopes, ranging between 1 and
2, are consistent with the relative contributions of the x and y biased components to individual
cell trajectories.
On the other hand, velocity field images of individual cells from both plain and gel media
were evaluated from PIV data. For this purpose, the colony field was divided into two 2D
regions of about 600-μm width selected at the bulk and at the outermost part of the colony,
respectively (Fig. 15). In the gel medium, as t increases, velocity vectors contained within the
former region are mainly oriented towards the colony front displacement direction. The
Fig. 13 Individual cell trajectories and y-velocity component histograms of the cell trajectories with
Δt´ = 30 min from a type III colony in: (a, b) plain and (c, d and e, f) gel media. Their follow-up started at
t = 1050 min (a, b), 540 min (c, d), and 4800 min (e, f)
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comparison of the evolution of histograms in terms of the angle formed by the velocity vector
with respect to the baseline of colony spreading (Fig. 16) reveals that for the gel medium, as
the colony age increases, the vector angle in the bulk region also increases, whereas the vector
angle at the outermost part of the colony decreases. These results indicate that while cells in the
bulk tend to move in a rather preferential direction, those at the border move more randomly as
their vector angles are outside the 45–135 degree range.
3.6 Dynamic scaling analysis
According to dynamic scaling analysis [3], the interface roughness (w = ∑(i=1→L)
[h(i,t)- <h(t)>)]/L, with h(i,t) the colony front width at point i and <h(t)> the average colony
front width at t) of a 2D condensed system of size L, is expected to increase with time for t < <
ts (ts denotes the roughness saturation time):
w∝tβ t << ts ð4Þ
and when t > ts , the roughness saturation ws is attained. The latter should increase with L
according to:
ws∝Lα t >> ts ð5Þ
Fig. 14 Average mean square
displacement of individual cells at
the colony border region versus
time. Data from type III colonies in
plain medium with t0 = 1050 min
(black squares), in gel with
t0 = 540 min (open circles) and in
gel medium with t0 = 4800 min
(stars). For the sake of
comparison, lines corresponding to
a random walk displacement
(slope = 1) and a ballistic motion
(slope = 2) are also plotted
Fig. 15 Typical overlay of PIV
velocity field images from type III
colonies in the gel medium at
t = 540 min (a) and t = 4800 min
(b) after removing the Teflon stripe
from the Petri dish. Blue and red
vectors indicate cell trajectories in
the bulk and in the border regions
of the colony, respectively
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where the value of ts depends on the system size (ts ∝ Lz, z = α/β) [3]. Therefore, from the
slopes of the log w(L,t) versus log t plot, one can evaluate the growth and roughness exponents
β and α, respectively, and, from their ratio, the dynamic exponent z.
For a set of exponents the fulfillment of the Family-Vicsek scaling relationship is expected:







f being the scaling function.
Roughness data at different t were plotted according to Eq. (6) (Fig. 17a, b) for a set of
colonies growing in plain and gel media (shown in Figs. 3, 4, and 5). A relatively good
collapse was obtained with α = 0.50 and z = 1.5 for colonies in the plain medium and α = 0.63
and z = 0.81 for colonies in the gel medium. From the slopes, values of β = 0.33, and 0.75 for
plain and gel media, respectively, were obtained.
4 Discussion
4.1 Influence of spatio-temporal heterogeneities on the 2D spreading colony
dynamics
The morphology evolution of Vero cell colonies in the different media reveals that spatio-
temporal heterogeneities manifested at both the cell and the colony levels. They are associated
Fig. 16 Velocity vector angle
histograms of cells from type III
linear colonies in the plain and gel
media evaluated at different colony
regions and spreading times
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with cell density, cell size distributions, as well as with changes in the physicochemical
properties of the culture medium, their relative participation depending on colony type and
age.
4.1.1 Type I colony
Type I colonies growing in plain medium from an initial quasi-homogeneous cell population
remain almost constant in terms of average cell size and average local cell density when N is
low (Fig. 1). As N increases, the colony heterogeneity plays an increasingly key role in the
spreading kinetics. This is clearly manifested by the fact that the spreading kinetic transition
from exponential to constant <vF> becomes more remarkable as one goes from the plain/sol to
the gel media (Fig. 8). Accordingly, for type I colonies with low N, the direct relation between
kN and kR (Table 1) indicates that the main driving force assisting the 2D spreading is cell
duplication, which is progressively inhibited as cMC increases. In the gel medium where
kN << kR, the colony spreading is largely determined by the increase in the cell average size
and the rheological properties of the medium.
Fig. 17 Log-log plots of the
Family-Vicsek scaling relationship
from colony contour roughness
data of type III colonies in plain
medium (a) and gel medium (b)
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As cMC increases, the kinetic transition from exponential to constant <vF> occurs at shorter
times and enlarged cells at the colony border begin to appear at the end of the exponential
kinetic regime. At this stage, the colony morphology can be described in terms of an inner
high-density region with a 3D phase consisting in packed small cells surrounded by a 2D outer
ring involving small and enlarged cells. Small cells at the outer ring preferentially undergo
duplication and displacements, mainly contributing to the colony expansion at
constant <vF> (Figs. 1, 8, 10, and 11).
Colony spreading data from the plain medium are consistent with theoretical approaches
that have been proposed to describe the growth of in vitro cell aggregates [41]. In those
models, contact inhibition sets in as the local cell density exceeds a certain critical value.
Seemingly, this inhibition is caused by mechanical interactions and constraints that define cell
phenotypes unable to undergo mitosis or crawl [42]. The increased colony heterogeneity in the
gel medium makes the application of these models difficult.
The foregoing discussion points out that driving forces in the 2D colony spreading are
partially counterbalanced by retarding effects due to the spatio-temporal heterogeneities
generated by the culture media interacting with the cells, affecting their morphology and
phenotypes (mitosis time, motility characteristics, etc.) in the colony where they are physically
and functionally connected during their displacements [43]. Depending upon the colony age,
two main quenching effects can be distinguished, namely quenching effect I, which emerges at
relatively short growth times and is likely linked to the medium’s complex structure and
quenching effect II, which is clearly seen at long growth times, particularly through the
occurrence of enlarged cells. Quenching effect II is enhanced for colonies of type II and III,
as referred to further on.
Quenching effect I results from the physical characteristics of MC-containing culture media
(Fig. 12). MC with an intermediate degree of substitution of OH by methoxy groups in
cellulose presumably yields a “cage-like” structure surrounding those hydrophobic methoxy
groups that increases from sol to gel [36, 44, 45]. The structure of this gel network has been
described as hydrophobic associated domains via bridge connecting junctions [46]. Quenching
effect I should increase the friction coefficients linked to 2D cell displacements and deforma-
tions. This is consistent with the reciprocal linear relationship between the growth front
displacement velocity and the dynamic viscosity (Fig. 9).
4.1.2 Type II colony
For type II colonies in the gel medium, enlarged cells build up a sort of barrier that perturbs the
motility of regular cells towards the colony front (Figs. 2 and 6). These enlarged cells are
characterized by their slow motility and low value of kN (Figs. 12 and 13). From a physical
standpoint, they behave like quasi-fixed obstacles compelling regular cells to find longer,
strongly biased trajectories towards the front (Figs. 13, 14, 15, and 16). Quenching effect II is
mainly related to the appearance of enlarged cells (Figs. 2 and 6) that progressively slow down
the 2D colony front spreading. The <vF> values resulting from either the average 2D colony
phase medium or the 2D/3D colony interfacial displacement tend to become similar (Fig. 10).
For this type of colony, the transport of cells throughout inner 2D colony regions towards the
colony front is assisted by a number of voids and channels already present in the colony,
together with those free sites preceding the cytokinesis. In this case, it would also be possible
that a small number of cells, coming down from 3D domains to interact with the substrate,
participate in the spreading process. Consequently, the constant <vF> kinetic regime results
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from a constant average cell density gradient driving force acting on individual cells moving
through a 2D colony effective ring of quasi-constant average radial length.
4.1.3 Type III colony
For type III colonies, enlarged cells at the border region behave similarly to those described for
type II colonies, except that in this case they display a rather discontinuous layer of enlarged
cells as obstacles with relatively small free spaces in between. For type III colonies growing in
both the plain and the MC-containing media (Figs. 3 and 5), the cell size histograms at
relatively long age exhibit two maxima (Fig. 7). This feature becomes more remarkable for the
gel medium where cell motility becomes slower than in the plain medium (Fig. 13).
Cell trajectory and PIV data show that enlarged cells, particularly at the colony front region,
produce a significant bias in regular cell displacements in the direction parallel to the front
(Figs. 13, 15, and 16). As regular cells move towards the colony front, they tend to acquire an
elongated shape (Figs. 3, 4 and 5) due to local space restrictions. The average cell velocity and
individual cell trajectories are considerably influenced by the spatio-temporal changes in cell
shape and size, i.e., the local cell density distribution in the colony and by the composition and
properties of the culture media. Cell motility data confirm that the magnitude of cell velocities
and their local orientation are influenced by relatively large friction forces generated in the gel
medium and different heterogeneities. The latter are generated by the presence of slow-
moving, enlarged cells that produce biased cell trajectories and by the deformation of the
gel medium in the direction of the colony front displacement, which becomes evident at inner
parts of the colonies (Figs. 4, 5, 13, 15, and 16).
4.2 Cell-based models describing experimental data
CPM cell-based models consider that individual biophysical and molecular interactions
between cells contribute to the free energy of the entire system. The latter is evaluated at
every step of the system’s evolution for determining the occurrence probability of a global
process. In the extended CPM reported in [28], the cell duplication cycle, contact inhibition
and the contributions of cell–cell and cell–medium interactions, medium properties, changes in
free energy associated with cell shape and size, as well as the energetics of motility, were
considered. Simulation results indicated that the interplay between cell stiffness and motility in
cell shape and size causes cell compression. When the latter was constant, high cell motility
involved tapered cells and a relatively fast colony growth. The larger the available space for
cells, the larger their size. Thus, when cell compression was low and the motility restricted, as
in the case of cells at the colony border region or for cells growing at low density, a bimodal
cell size distribution was observed. This theoretical framework is qualitatively consistent with
experimental data presented here (Figs. 7, 8, and 13). In the gel medium, cell motility is
hindered and at the border region, MC macromolecules diminish cell–cell interactions and the
cell size histogram shows two maxima.
Cell trajectory characteristics are at least qualitatively consistent with the extended Potts
model predictions [27], in which the directionality of cell movements is a direct result of well-
defined directional cues provided by specific matrices. The anisotropy of the matrices induces
a reorientation of moving cells in the direction of the matrix threads and the consequent motion
along them and, in comparison with isotropic matrices, generates a highly oriented locomo-
tion. The model has similar velocities for cell motion either in isotropic or anisotropic matrices
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but with an increase in persistence for the latter. It is worth noting that the model proposed in
[27] considered only isolated cells interacting with the environment, whereas the model
proposed in [30] included a cellular Potts formalism describing collective cell streams in
epithelial monolayers [47]. In this case, it was concluded that intercellular adhesion modulated
the extent of cell groups undergoing local collective movements in the monolayer. The
disruption of cell adhesion complexes diminished the width of the streams. This explanation
appears to be applicable to the disorder in individual cell motion and to the increase in the local
front roughness of colony growth in the gel medium, even in the absence of enlarged cells
(Figs. 4, 13b and 16). The MC structure interacts with the cell membrane [48], diminishing
cell–cell interactions at the colony edge where they are rather smaller than at inner colony
regions.
The preceding analysis reveals that spatio-temporal heterogeneities affect processes at both
the colony and the cell levels and suggests the possibility of linking individual cell motility
characteristics to the entire colony spreading interfacial 2D dynamics. The latter is character-
ized by the front roughness development in which a number of cell transport processes are
involved. This matter is of interest in foreseeing possible stability conditions of biological
interfaces. This approach has been considered in the multiscale models [20, 21] in which
continuous non-linear transport equations have been derived from microscopic cell level
properties, tackled by the CPM formalism.
4.3 Roughness dynamics of 2D fronts of Vero cell colonies
Dynamic scaling analysis was applied to type III colony fronts in both the plain and gel media
as shown in Fig. 17a, b. These results confirm and complement those recently reported [7, 16].
The overall data indicate that for the plain medium, within the range 1400 < t < 10,000 min
and the front length range 150 < l < 15,000 μm, the set of exponents from DSA is
α = 0.50 ± 0.05 and β = 0.32 ± 0.04, which is consistent with the prediction of the standard
KPZ model, i.e., α = 0.50, β = 0.33 and z = 1.5 [49]. Conversely, from those colonies in the
gel medium, within the ranges 5000 < t < 10,000 min and 200 < l < 20 000 μm, the set of
exponents results in α = 0.63 ± 0.04, β = 0.78 ± 0.05 and z = 0.80 ± 0.05, in agreement with
the prediction of a quenched-KPZ model, i.e., α = 0.63, β = 0.90 [49, 50], which describes the





∇hð Þ2 þ F þ η x; hð Þ ð7Þ
where the first rhs term accounts for the relaxation of the interface caused by a surface tension
contribution, the second one considers the lateral growth that breaks the up-down symmetry
and the third is the driving force F, which in this case is mainly related to cell proliferation and
the average cell size increase in the colony. Finally, the term η(x, h) represents the quenched
noise that is responsible for the increase in the local front roughness and overall colony growth
dynamics [3, 50, 51].
Dynamic data from the gel medium reveal the contribution of multiple effects on the colony
dynamics caused by the evolution of spatio-temporal heterogeneities in the system. Quenching
effect I appears at the early stages of the colony growth irrespective of its type and, the higher
the cMC, the greater the dynamic viscosity of the medium and the larger the quenching effect I.
The latter is also associated with the gradual cell proliferation inhibition as cMC increases. It
should be noted that the presence of MC could also affect cell–cell interactions by diminishing
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the free space for the allocation of moving cells in the colony, an effect that would contribute to
decreasing F and would also cooperate with quenching effect II in the noise term.
Quenching effect II appears once enlarged cells are formed at the colony border region.
These cells tend to form groups that behave like slow-moving obstacles that become rate-
determining of regular cell migration velocity. Regular cells follow long biased trajectories to
reach the colony front, overtaking colony sites occupied by enlarged cells. It should be noted
that the relative contribution of random and ballistic cell displacement characteristics to the cell
motility mechanism remains almost the same either in the plain or the gel medium (Fig. 14).
Histograms of directionality angles of cells at the colony border (Fig. 16) show that cell
velocity in the direction of the colony front displacement decreases with time. This outstanding
effect is consistent with the transition from the standard KPZ model in the plain medium to the
QKPZ model in the gel medium.
In conclusion, new data provided by this work, within certain variable ranges, show links
between continuous KPZ models interpreting the dynamic behavior of 2D Vero cell colony
interfaces and cell-based Potts models used to deal with complex cell colony dynamics.
5 Conclusions
– The influence of spatio-temporal cell and colony morphology changes on quasi-linear and
quasi-circular 2D Vero cell colony spreading dynamics in plain and MC-containing
culture media (sols and gel) is described.
– For plain and MC-containing sol media, the spreading kinetics of quasi-circular colonies,
with a small number of cells, fulfils a first-order rate equation in terms of either N or <R>,
with average kinetic constants <kN> and <kR>, respectively. At short t, the colony
spreading is largely governed by cell mitosis, irrespective of cMC. As cMC increases, cell
mitosis is gradually inhibited. At long times and in the gel medium, cell enlargement at the
colony border mainly determines the colony front propagation rate and first-order kinetics,
in terms of <R>, is observed.
– As the colony population increases, a constant <vF> front propagation regime is attained.
Driving forces result from cell displacements, cell size increase, cell duplications and,
probably to a lesser extent, from cell migration from inner 3D clusters to outer 2D
domains.
– In the gel medium, the driving forces are mainly counterbalanced by two quenching
effects (I and II), their relative contribution depending on N, cMC and t. Quenching effect I
is mainly caused by the medium structure coupled to mitosis inhibition and it manifests at
all t.
– Quenching effect II appears at longer t when slow-moving, enlarged cells behave like
obstacles, either like a quasi-compact (type II colony) or discontinuous (type III colony)
barrier at the colony border region. Quenching effect II becomes of importance for type II
and III colonies growing in the gel medium.
– Local cell size distribution and cell motility data are qualitatively consistent with some
predictions of the extended cellular Potts models, particularly when considering mechan-
ical cues for cell motility, cell density morphology-dependent distributions and effects of
cell–cell adhesion.
– Cell motility characteristics change when going from plain to gel media. For the plain
medium, the dynamics of the colony front roughness is characterized by a set of roughness
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exponents compatible with the prediction of the standard KPZ model, whereas for the gel
medium a QKPZ model is approached. The transition from the KPZ to the QKPZ 2D
roughness dynamic regime can be related to the noise term mainly generated by
quenching effect II. These effects are mainly manifested in the cell motility characteristics
that change when going from plain to gel culture media.
Finally, results presented in this paper, obtained from colonies with different N, ages, initial
geometries and growing in plain and MC-containing media, are qualitatively consistent with
predictions of cellular Potts models and appear to be useful for describing processes at the
cellular scale that explain the overall 2D front dynamics of large colonies, tackled by dynamic
scaling analysis. Reported data complement previous results and encourage the search for
correlations between global and microscopic approaches for further understanding of the
behavior of complex systems.
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